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PRECISE INTERFEROMETRIC PHASE DETERMINATION

I. INTRODUCTION

This report is primarily concerned with precise phase-shift
determinations where the phase changes rapidly (steep-gradient
region) or where the phase changes are small (outer, low-density
region). The medium is assumed to have cylindrical symmetry.

Two things are required: A precise knowledge of the initial
phase (from a pre-shot interferogram) and a precise determination
of the final phase by interpolating the shifted fringes of the
data interferogram. Abel inversion of the phase-shift
information may reveal important low-density structures which
would be missed without using these techniques. One should note,
in the Abel inversion procedure, that the density determination
at a particular cylindrical radius does not depend on what
happens at smaller radii. Non-uniform fringe spacing may be
important in the steep-gradient regions and is included in the

interpolation procedure.

Manuscript approved December 1, 1987.
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The purpose of this report is to provide a general background
and to set forth the method in a step-by-step procedure that can
be put to practical use. The book-keeping details turned out to
be rather involved and tricky. Thus, it seemed reasonable to
include a detailed procedure for obtaining the necessary input
from the pair of pre-shot and data interferograms as well as a
listing of the computer program. The procedure is applied to a
sample interferogram pair (Fig. (1)) obtained from a laser-
produced plasma. The procedure includes preparing the
interferogram pair for data extraction, tabulation of the data,
and input to the computer program. The computed results (radius
and phase shift) are given for the sample interferogram pair. I
have attempted to make the program readable by the liberal use of
comments to explain and de-limit.

The example illustrated in Fig. 1 is an experimentally-
obtained interferogram pair from a plasma containing a laser-
produced blast, wave (I_9 to 16). The method to be described
provides useful phase-shift information for the region of the
blast wave and the outer-most, low density region (I>16).
However, the central region (I<7) shows such irregular phase

variation that the method offers no advantage in that region.
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II. BASIC METHOD

We wish to determine the radial density profile at a given
axial postion 2, which is represented by the line Z = constant
(called the "cut") in the R-Z plane of the interferogram pair.
See Fig. 1. The final (shifted) fringes in the region of the cut
are first divided into a sufficiently large number of radial
"intervals” that the fringes are linear in each interval. Next,
the region within the interval and between the two fringes
bounding the cut is divided into 10 regions by introducing
decimal "fringelets" which may be spaced non-uniformly to
accomodate infcrmation in differing adjacent fringe spacings.
The fringelets are illustrated in Fig. 2 with dashed lines but,
in practice, are only treated numerically with the computer
program. The non-uniform interpolation or fringelet spacing is
described in the appendix. Each fringelet carries a known final
phase. The intersections (radial position) of the fringelets
with the cut, thus, have a known final phase. If no fringelet
intersects the cut within the interval, the mid-radius of the
interval is assigned the arithmetic average of the phases of the
two fringelets which "straddle" the cut. Each intersection or
straddle, which assigns a known final phase to a given radius
within the interval, is called a "hit". The phase shift at a hit

is obtained by subtracting the initial phase at the this radius.
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The initial phase is determined by the phases of the bounding
initial fringes and by interpolation using the fractional
distance (at the hit radius) of the cut from the lower fringe.
The implementation of the calculations involves a bit of
bookkeeping and indexing, some of which is discussed here. Phase
information is recorded by sequentially numbering the final and
initial fringes. They must, of course, merge to the same values
in the outer most, lowest density region of the medium. The
initial fringesare usually close to straight lines but are
divided in the region of the cut into a small number of radial
"spans" in which the fringes are accurately linear. See Fig. 3.
We are primarily interested in the pairs of initial and final
fringes which bound the cut at a given radius. However, due to
fringes crossing the cut, these pairs change with radius. Each
interval I1 determines the span, with index K (Il1), and the
crossing region (for final fringes), with index L (I1l) of that
interval. 1In turn, K(Il) and L(Il) determine, respectively, the
bounding initial and final fringe pairs for that interval. The
phase of the lower bounding fringe in an interval is determined
by the fringe number: MI1(K(Il1)) for initial fringes and N(L(Il))
for final fringes. Each hit (intersection or straddle of a
shifted fringelet with the cut), with index I, is labeled with
the interval number I1(I) and fringelet number J1(I). See Fig.

2. A variable E(I) indicates whether a hit is an intersection




(E(1)=§) or is a straddle (E(I)=.5). The interpolated shifted
fringe number at the hit is thus N(L(I1(I))) + (J1(I)-E(I))/1f.
The interpolated initial fringe number at the hit depends on the
fraction F(I) into which the cut divides the fringe spacing at
the hit radius. See Fig. 3. Here, F(I)=-W1(I)/(W2(I)~-(W1l(1)).
Thus, the interpolated initial fringe number is
M1(K(I1(I)))+F(I). The phase shift (in units of pi) is thus
given by twice the difference in the shifted and initial fringe

number atthe hit.

P(I)=2*(N(L(I1(I)))+(JL(I)-E(I))/1@-(ML(R(IL(I)))+F(I)))

The final result is the hit radius R(I) and phase shift P(I),

sorted for increasing radius.
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III. PROCEDURE AND EXAMPLE

A sample interferogram pair, prepared for extracting data, is
shown in Fig.l. This is the superposition of two separate
interferograms: The inital or pre-shot interferogram (shown
dashed) and the final, shifted or data interferogram. The
invidual interferograms were projected and the fringes carefully
aligned to each other for reference positions and merging to the
same outer fringes. This happened to be the interferogram pair
fror which the procedure was developed and was not the optimum
pair of interferograms for accurate application of the method.
It may be helpful to refer to Figs. 2 and 3, showing separately
information on the initial and final interferograms.

We first draw in the cut at the desired Z-position, taking
into consideration the requirement of cylindrical symmetry. We
next divide the initial fringes into a small number (4 , in the
example) of radial regions or spans such that: (1) Initial fringe
crossings only occur at span boundaries and (2) the fringes are
accurately linear within a span. The symmetry axis (R=g) and
outer radius {(of fringe shifting) are taken as span boundaries.
Spans are designated (K) by their left, or inner boundary. Span
boundaries (vertical lines) are extended into the region above
the cut and the following symbols used to aid recognition: ‘+

(for span boundary), * (for initial fringe crossing the cut).

_.
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Each span is labeled with the span index (K) and lower initial
fringe number (Ml) of fringes bounding the cut. It is also
helpful to note the span boundary radii at each span boundary.
Information about the shifted fringes is indicated in the
region well below the cut. First, locate all shifted fringe
crossings, pass a vertical line through each crossing and
indicate with a slanted dash (,r) that it is a crossing. Label
each crossing region (below the cut) with the crossing index L
and lower shifted fringe number N e.g., ( 4’ L=z *’ ). Next,
draw in (short vertical lines) interval boundaries such that:
(1) all fringe crossings (initial or shifted) and span boundaries
are interval boundaries, and (2) the final (shifted) fringes are
linear in each interval. 1Intervals are designated (I) by the
left or inner boundary. The symmetry axis (I=1, where R=§) and
outer radius (I=If+1, where If is the number of intervals) are
also interval boundaries. The interval number of the shifted
fringe crossings are indicated below the crossing (e.g., I=7).
We are now in a position to organize the information in
tabular form, on data sheets, so that it can be input to the
program. At the top of the first sheet, note the identifying
(e.g., shot) number, the magnification (needed in Abel inversion)
and the number of intervals (Iﬁ), spans (K@) and shifted fringe

crossings (NB). Since lower fringe numbers (used in
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calculating phase) depend directly on the span (initial) and the
crossing region (shifted) while information is input for each
interval, it is useful to relate each interval index to a span
and crossing index. This cross-indexing is calculated by inputs
from Table I. Next we record (in Table II) the lower fringe
numbers.

The next step is to make detailed measurements of radial and
axial distances and to organize this data into tabular form. 1In
the shifted fringes, it is necessary to measure and record (in
Tables IIT and IV), for each interval, the interval index I, the
radial position R1(I) of the left boundary, the axial position
(negative) 21(I) of the lower fringe from the cut, the fringe
slope Sf#(1)=(dZ/dR)/ABS(dZ/dR), and the lower, central, and upper
fringe-pair spacings D1(I), D2(I), D3(I). The distances are all
measured in centimeters. The fringe slope is g for the cut and
+1 or -1 according as Z increases or decreases with R for a
fringe. CAUTION: At a fringe crossing, we can have either a J=g
intersection (where Z1(I)=f, since S#(I)=-1) or a J=1f
intersection (where 21(I)=-D2(I), since Sf(I)=1).

The shifted fringe input is first recorded, in Table III for
the outermost radius (where I=Ip+1). The shifted fringe input at

all left interval boundaries (I=1l to If) is recorded in Table IV.




The input data for the initial fringes are recorded at each
span. This includes the radius R2(K) of the (left-hand; span
boundary, the axial positions (negative) of the left-side 22(K)
and right-side (Z4(K) of the lower fringes and the axial
positions (positive) of the left-side Z3(K) and the right-side
Z5(K) of the upper fringes. The values are recorded (Table V)
for the left boundaries of the individual spans.

The detailed shifted-fringe information for each interval
(Table 1IV) is entered, before the program is run, into DATA
statements near the end of the program. The data for cross-
indexing (Table I), lower fringe identification (Table II), outer
radius information for shifted fringes (Table III), and the
intial fringe information (Table V) are entered during the

running of the program, as requested by input statements.

12
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Interferometry Data Sheet - 1
(Enter as requested by program, during run)

— —— — ——— — —— ———— — — — - ————————— A _——— T —— _— — . - —— T ———_ . " . S . b - S S —— e T - —

Shot No. 14760 Mag. M=19
I1g=21 K@=4 N@=4
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Table I. Cross-Indexing: The intervals (left interval
boundaries) I2 which occur at interior fringe crossings and the
intervals (left boundaries) I3 which occur at interior span
boundaries are:

Crossing Index Interval Index Span Index Interval Index
L-1 I=I2(L-1) K-1 I=I3(K-1)
1 7 1 3
2 10 2 7
3 15 3 18

Table II. The lower (shifted/initial) fringe numbers vs.

(region/span) index (L/K).

Index Fringe # Index Fringe #
L N(L) K M1(K)
1 3 1 1
2 4 2 2
3 5 3 3
4 4 4 4

Table III. Shifted fringe input for the outermost radius (I@+l).

R1=15.3 Z1=0 Sf=-1
Dl= .30 D2=.30 D3=.30
13
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Interferometry Data Sheet - 2
(Enter in Data Statements; 1 interval per statement)

Table IV. At the left (inner) boundary of each interval, the
index I, radius R1(I), axial position of lower fringe 21(I),
fringe slope S0(I), and lower, central and upper fringe-pair
spacings D1(I), D2(I), D3(I) are:

1 R1(I) 21(1) S@(I) D1(1I) D2(1I) D3(I)
1 0 -.19 -1 .40 .40 .35
2 0.87 -.22 -1 .38 .38 .38
3 1.78 -.30 -1 .40 .40 .40
4 2.52 -.26 -1 .38 .38 .32
5 3.69 -.23 -1 .36 .38 .34
6 5.02 -.25 -1 .36 .35 .30
7 6.50 0 -1 .37 .32 .32
8 7.10 -.08 -1 .38 .30 .32
9 8.40 -.14 -1 .38 .30 .28
10 9.02 0 -1 .28 .30 .30
11 9.28 -.02 -1 .30 .32 .33
12 9.45 -.07 -1 .31 .33 .34
13 9.67 -.13 0 27 .33 34
14 9.90 -.12 1 24 .30 34
15 10.18 ~.25 1 20 .25 25
16 10.37 -.14 1 20 .24 33
17 10.69 -.10 1 29 .22 32
18 10.92 -.10 0 30 .22 33
19 11.51 -.13 -1 32 .27 29
20 12.52 -.17 -1 30 .28 29
21 13.58 -.20 -1 29 29 30
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Interferometry Data Sheet - 3
(Enter or requested by Program, during run)

Table V. 1Initial Fringe Information. The Radii and Axial

Position at the Span Boundaries are:

Span Index Radius Lower Fringe Upper Fringe
K R2(K) Z22(K) 24(K) Z3(K) Z5(K)
1 0 -.18 -.30 .12 0
2 1.78 0 -.31 .31 0
3 6.50 0 -.30 .30 0
4 10.92 0 -.29 .29 0
15




IV. Computer program with data input for the interferogram
pair shown in Fig. t.

10 PRINT “NIFOI, A PROGRAM USING MCON-UNIFIRMLY-SPACED INTERFZRENCE FRINGE DECI-
MAL- INTERPCLATION. DECIMAL (INTERPOLATED) FRINGES ARE CALLED FRINGELETS.®
23 PRINT "THE RADIAL VARIATION OF PHASE IS DETERMINED AT A FIXED AXIAL POSITICHN
OR LINE, CALLED THE CUT.®
I3 INPUT *SHOT CR ICENTIFYING NUMBER AND MAGNIFICATION";ID.MG
49 PRINT "THE SHIFTED FRINGE3 ARE MEASURED FOR MANY RACIAL  INTERVALS  WITR IN
DEX I*
52 PRINT *THE IMITIAL FRINGES ARE TAKEN AS LINEAR FOR A FEZW RAGIAL  SPANS
WITH INOEX K(I)®
§0 PRINT -ALL SHIFTED AMO INITIAL FRINGE CROSIINGS ARE TAKEN AT INTERVAL BOUN-
DARIES.ALL UNSHIFTED FRIMNGE CROSIINGS ARE AT ZPAN BOUNDARIES. ™
70 INPUT “THE NUMEER 10 OF RADIAL INTERVALS [5°:10
80 INPUT °THE NUMBER K2 OF RADIAL SPANS IS";K®
9@ INPUT *THE HUMSSR NQ OF SHIFTED FRINGE CROSIINGS [S°;ND
100 DIM A(30),8:353,C0385,01(30:,52(38),03(30) ,6458),6:30) ,H(S3: , 11(Sd 12019 |1
3010) ,J1(S9) K(33),L/ 383 MiC10: 4018 ,R1(3B) R2(1@),50¢30),21(3R)
118 DIM Z2¢103,23018) 244103 ,25(:1D)
120 DIM Y(Sd, 11} X(53,11) X133 it

YISQ,11),2¢83,11),25(82.11)

T e e e cem e e e o~ ———— - - — — ————— PR

G T SHIFTED FRIMGE CALCULATIONS -~ =mmmmmmemmm o= mmmmommmm s
o B N T R NI TR
182 “emm-mme-

--~INCEXING TO INTERVAL AND NUMBERIMG----=vm==v—emecom e mm e

17¢ PRINT *INT ALS ARE LABELED BY THEIR INNER QR LEFT BOUNMCARY®

189 PRINT "THE SHIFTED FRINGE CROZIING3S ARZ LICATED AT INTEAUAL BOUNDARIEZ IQ+!
ARG AT Ix"

e e I = CROSSING INCEX L-! FOR FILLAUING LACP-—-==-m---

293 F3R =1 T2 NE-1

I3 INPUT CIZL-1i=TiIIiDD

228 NELT I

223 L=

243 mmmmmmmmommeoa- I=INTERUAL [NOIX FGR FOLLOWING LOGP--=----====-==u--
253 U1 =t

2683 FIR I=! TO I24ND-1)

278 IF II2(Ut ) THEN 290

289 Utsyl+!

290 Lil=h

339 NEXT I

312 FOR [=I2¢(NT-1) TO I0Q

329 L(I1)=NQ

330 NEXT I

340 PRINT “THE SHIFTED (LOMER) FRINGE NUMRERS ApE”
359 FOR L=1 TO N

383 INPUT *N(L="3N(L)

370 NEAT L

380 PRINT °“THE (LDWER) FRINGE-SLOFE VARIABLE S3(I) [S (dI/dRI/ABS(dI/dR)"

400 T-mmmme—--em- READ AND INFUT DATA AT EACH INTERVAL--=—===—=---=wa

4@ PRINT °“THE INTZRVAL TMOEX 1. RAGIAL (LEFT) BOUNDARY POSITION R1tI1) (NEG.)
AXIAL PCSITION I1(1) FRINGE-SLIPE VARIABLE 30([) AND THE LOWER, CENTRAL AND

UPPER FRINGZ-PAIR SFACINGS D1(I1),02([),03{1) AFZ READ IM FOR EACH DATA LINE."

42Q ‘eseeesZit]) IS THE LEFT-SICE AXIAL POSITICN OF THE LOWER SHIFTED FRINGEZ.FCR
EACH J = 1Q IMTERSESCTION (WITH SQCI)=1), Z1(1)=-D2(T1:, RATHER THAN Q. sessee

420 FAR I=; TO I3

440 READ I,RICI),21¢2),80¢1),01¢2),02¢1) 03¢

450 NEXT I

4569 INPYT "AT THE OUTER RADIUS (I=10+1) R1,Z1,52.Ct .02 ALG 03 ARC'RICIO+1),

ZVOI0+1),S0010841) D1 (13+1).02(10+1),D2119+1)

b

4T m e e e e e
46T Tm-me--- FING AXIAL FRINGI_IT PJIITIONS AT
470 FGR 1 = 1 TS 10-4
§C3 G, [0 = (i) - DI I/
Si3 HIT) » (C201) - D128
16




S2o
530
S49
S50
560
570
S30
590
620
610

6§20
540
630
669

68e
530
700

922

1000
1810
1020
1020

ACTY = (DI(])Y + DI V/T00
(L) = (~1GeG(T) + QeH(T)I/A

C(I) = {(33(]3) - H(TI/R
NEXT I ‘
FOR [=1 TO 10+
X(I,01=0
U1,00=21¢D)
NEXT [
FOR I = | TQ I8+
FOR J =1 70 9
UOL, 0 = BCI) + (2s] - 1)eCLIN/3
X(I,J) = JeCACIY + (=100 0CT JI/D)
IOI,0) = Iy + X(L, 0
NEXT I
01,10) = 21¢D) + 02¢D)
NEXT I
----------- RIGHT-HAND INTERVAL BOUMDARY VALUES--====--=m==-mmommmmmae
FOR { = 1 TO 1@
FOR J = 1 TO 10
IF 2'¢I+i) = @ OR Z!<I+1) = -DZ(I+1% THEN 79 ELSE 730
XTOT g0 = X(Iet 1)
5070 798
IF Z1(I+1) = @ THEN 762 SLSE 780
XVCI, 3 = (DHeI+1 )y /02¢Iexl S0
5070 722
X100y = (OZCI+#10/027 10 ektT s
IF I1(I+1) = @ THEM 3CO ELSE 820
ISR SEE TP SIS O REEIN I RS TR B!
5070 352
IF Z1(I-1) = -D20Iet; THEN 230 E-SE 993
I8¢1 00 = XidI D
5070 82
I6CI, 0 = Z1CI+1) + Xi¢I
NEXT I
NEXT I
------ FIND HITS (FRINGELET INTERSECTIONS WITH OR STRAODLES OF CUT)------
----------------- RAQIAL POSITION IN INTERVAL I§--=-m=m==mmomcomoomemnooe
FOR I = 1 T0 10
FOR J= 1 TO 9
YOIJ) = =ZCD 33 (RICIST) = RUCINDZCZBIT,IY = ZCI, 008
NEXT J
NEXT 1
Ho=
FOR I = | TO I0

IF Z1(1) = @ THEN 998 ELSE 1910
] =0

60T0 1182

IF Z1¢I) = -B2(I) THEN 1Q20 ELSE 1049
J =10

GOTO 1180

1840 J = 1

1959

IF ABSCI6(I, 1) - (1,101,001 THEM 127@0 '--FRINGELET 1 PARALLEL TO CUT--

19069 IF ZB¢I 1 DZCI, 1) AND Z8U1 1250 THEN 1189

170
1080

FOR J =270 9
IF ABSIIBI{T,J) = Z(1.,J))4.001 THEW 111Q "-FRINGELET I PARALLEL TO CuT-

10390 IF J=9 6GOTQ 1110

1129 IF Y(I,1)5@ AMO Y(I J)<RICI+1)-RICL; THEN 113@ "=~INTERSECTION TEST--
PIIQ IF 20T J)/2¢1 , J-1)<3 AND 26¢1 ,J)/2Z6¢1,J-1)<0 THEN 1269 "~--STRADDLE TEST--
1120 NEAT J

1120 NEXT I

1149 GOTO 1229

1153

TIRA Temomommmmmmmomoooo COUNT ANGC LABZL HITE

17
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e INTERSECTION COUNTER FOLLAUG-==m==mmmmmmmmomm e

1198 E£/H} = @

1220 I1(H) = 1

1219 J1(H)Y =

1229 IF J=2 THEN 102Q ELSE 1238

1228 [F J = 19 THEM 1@23 ELSE 122

1240 IF J=! THEN 187D EL3E 1129

1269 —-=-mm—m==—me=——=3TRACOLE COUNTER FOLLINS~m—memmmmmmmmem e
1250 H = H + 1

12793 E(HY = .5

1288 [1¢H = 1

-1 N e
C) €2 €D Cu €y L) Catw &)

x
]
—

<
‘
s

- a0 N

TINT CTHE NUMEES H CF HITS IS7 H
' LRR

I
.
€

1
i
[+

= 3 THEM 1422 E_ZZ 1538

TC 9
= @ THEN 1522 ELIE 1832

€) € —~ — €I

mn

[y

[+

W

Q

-

o

[ I
'

W (N

> THEN 15873 ELCE 1532

53

S1 U e

T0 19

IF 20V, Iy/7201 J-114Q THEN 161Q ELSE 163¢C

1613 J1{i) = J

1620 GCTQ 1842

1623 NEXT J

[E 3 s B T T T e L PR L S P

- FIND RADIL OF FRINGELET CROS3IMGS~---=o-m=mmmemae

IGEI FOR L = 2 TO W - 1

1670 IF Z¢D1cDy JHD)) <> @ THEW 1882 ELSE 1722

163¢ IF E{L) = @ THEM 1632 ELSE 171

1622 ROID) = RICIICID) = ZCLVCID Q1D ) e(RICITCI Y ¢ 1) = RUCTICDII NI ZEZBOTNCT Y
L)y - Zentely, et

17C3 6070 1743

I718 RITY = (Se(RICIICIYY ¢ RUCTICDY + 1))

1729 3070 1743
1732 2¢0 = Ry
1742 NEXT I
1763 RIHY » RYLT3+0)

17€3 F2R I = 1 T2 H

1773 LPRINT MITL AT H S L L Rt E Lttt Ly RO

o
s
(3]

J1

[RERR GR!

18




- - - e — - - - . - -

1830 PRINT -THE SPAN SOUNDARIES ARE LOCATED AT I = [,I2 + 1
1820 “m-mmwmmmmmmmm = I # K -1 FOR THE FOLLOWING LQAQP=======m==--m==

ANO AT™

1850 FOR I = | TO K@-1

1860 INPUT *I3(K-1) =313 D)
1873 NEXT I

1880 K = @

1899 U2 = 1

190Q —-mmmmmmmmmmmm - I = INTERVAL FOR FOLLOWING LOOP-~-==mmom=cmmmmmmccmmee
1910 FOR I =1 TQ I3(KS - 1)

1920 IF [<I3(U2) THEN 1940

1930 Uz = U2 + |

1920 K(I) = U2

1952 NEXT I

1962 FOR [ = [3(K3 - 1) +1 TC 10
1979 K(I)Y = K2

2 PRINT "THE LEFT-HAND SPAN 30UNDARIES ARE AT RAQII" "----- RI(1)=J------
S FOR T = 1 T0 KO

S INPUT "RIIX: =°

S ONEXT I

RIUKCHID = RICIZ+D)

FINPIPIPIR
€200 OB

2063 PRINT °"ThE INITIAL LJIWER FRINGZ NUMSER
2073 FOR I = 1 TGO K3
20889 INPUT *MIIK) =";M1(])}

wn
el
Pyl
m

.

2123 PRINT °THE LEFT-SIOE AXIAL POSITICONS (NEG.) OF THE LOWER INITIAL FRINGES
ARE"

2140 FCR I = 1 TQ KO

2180 INPUT °Z2¢K) =";22(1)

2160 NEXT 1

P R B ettt bebete bl g

218@ PRINT °THE RIGHT-SICE AXIAL POSITICNS (NEG.) OF THE LOMER INITIAL FRINGES
ARE"

219@ FOR I=1 TO K3

223C INPUT °Z4(K)=";Z4(1)

218 NEXT I

P B R Sttt

2230 PRINT °THE LEFT-SIDE AXIAL PQSITIONS (PQS.) Z3(K) OF THE UPPER INITIAL
FRINGES ARE"

2249 FOR I = 1 TQ K2

22 INPUT Z3(K1=" 230D

2263 NEXT [

2230 PRINT “THE RIGAT-SIOE AXIAL POSITIONS (PCS5.) OF THE UFPER INITIAL FRINGES

2280 FCR I= 1 TO K9
2282 INPUT *1S{K)="3Z5( 1)
2313 NEXT 1
i R e e e T T e e D EE P EE L Bt
------------- FIND INITIAL FRINGE FRACTION AT EACH HIT-=------m----==-
IZ3 Trmmmmeeemmmeees W29 AND WI(Q) ARE AXIAL POSITICMS OF LOWER AND UFPCR
FRINGES AT A HIT, WHILE 51 AND S2 ARE THE FRINGE SLOPES-~-=rc---mc--u--
P e e e T L L R e e
CISXFCLY m SITCIN/CIZ0NY = 1T
19
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2358 FOR I
2370 Si(D)
2380¢ SZ(I)

2 10 H-1

CZACKCTICDN) )Y = Z2AKCTUCD NI IIZCRI(KCTLCIY) 1) = R2Z(KCTICTNIY)
CZSCKCTICIND) = ZICKCTTCD) I IACR2(KCTICIN) 1) = RZCK(IIC(IDNNY)
2390 WICD) = ZA(KCITCIY)) = STCD) e (RA(KCTICIN +1) - RCIN)

2400 W2(I) = IS(KCITCINY) = STCIIe(RAUKCIICI)Y +1) - RCI))

241@ F(IY = =W1(D)ZCU2CT) - WICIY

2420 NEXT I

2438 F(H) = (1 ~ S@(I8))/2

2442 FCR 1 =1 TQ K-t

245@ PRINT "H,S1,S2,W1,W2="31:S1(1);S2¢ ) ;WICT ;U2

2488 NEXT I

2478 °STOP

2880 -mm e mmm oo e e

2480 “-ew---oomomsse—e- FIND THE PHASE SHIFT P(I) AT EACH HIT
2508 FOR I = | TO H-1

2510 PCIY = 2 (NCLCTICIN) + (JICTD) = ECL1D)/10@) = 2#(MULK(TICI))) # F(IN)

2520 NEXT I

2530 P(H) = @

2543 'STOP

T B e e e
2889 T-----——-—mmmm--- SCRT AND INDEX FOR INCREASING RAQIUS--=~--w---e-=-—o—ooa-
2570 FCR I = 1 TO H

2588 S{I) = [

253¢ RR{I) = R(I}

2630 NEXT I

2610 NR = H

2620 I5 = @

25830 NR = NR - 1

2648 FIR I = 1 TO NR

2550 [F R{I) ¢ RCI+1) GOTO 2722

2669 IS = 1

267@ RH = R(I+1)

2683 R(I+1) = R{D)

2633 R(I) = RH

270@ SH = S(I+1)

2718 S(L+t) = S(1)

272Q@ S(I1) = SH

2738 NEXT I

2740 IF IS = 1 60TC 2620

2750 °
2769
2770 FCR I = 1 TO H

2780 LPRINT "H N, M1 F=";SCL) NCLCITCSCID )M sMICKCTT(SITNIY F(S(I )

279@ NEXT 1

280Q@ STOP

281@ FOR 1 = 1 TO H

2826 LPRINT "H,E,I1,J,R,P*;SCIECSCINITCSIINGII(SCIN) RR(SIIN),P(SCIN)
2830 NEXT I

284¢ STOP

2859

-

2868 T---—mmm-eemmmemomm e m e BATA---emrmmmmme o mem e m e o meemm e e o
2878 DATA | ,0,-.19,-1,.4,.4,.35

288@ 0ATA 2,.87,-.22,-1,.38,.38,.38

2832 0ATA 3,1.78,-.3,-1,.4,.4 .4

2303 DATA 4,2.52,-.26,-1,.38,.38,.32

291@¢ DATA S§,3.63,-.23,-1,.36,.38,.32

2920 pATA £,5.02,-.25,-1,.36,.35,.3@

2920 DATA 7, 6.50,-0.9,-1,.37,.32,.32
2940 0ATA 8, 7.10,-.08,-1,.38,.20,.32
2950 DATA 9, B.40,-.14,-1,.38,.30,.28
2960 DATA 10, 9.92,-0.0,-1,.28,.30,.30
2973 0ATA 11, 9.28,-.82,-1,.39,.32,.33
2980 DATA 12, 9.45,-.087,-1,.31 .33,.34
2990 DATA 13, 9.§7,-.13, 8,.27,.32,.32
3@00 DATA 14, 9.80,-.12, 1,.24,.30,.3¢
3310 DATA 15 10.18 -.25 . 1..22..25..2¢

20
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3020 DATA 16,10.37,-.14, 1,.20,.24,.33
3030 OATA 17,10.683,-.10, 1,.29,.22,.32
3040 DATA 18,10.92,-.10, 0,.38,.22,.33
3050 0ATA 19,11.51,-.13,-1,.32,.27,.29
3060 DATA 20,12.82,-.17,-1,.30,.28,.29
3878 DATA 21,13.58,-.20,-1,.29,.29,.30
4@00@ ENO

21
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V. Final results, giving hit number (H), straddle index(E}, interval
index (I), fringelet index (J), and radius (R) and phase (P) at

each hit. )
HE,IJRPI1 .5 1 § ) 3.7
HE,ILJRP2 @ 1 5 .2696167 3.678824
HEILJR.P3 @ 2 6 .9770586 3.560872
HE,ILJRP & @ 2 7 1.504242 3.523936
H,E,ILJLRPS @ 3 7 2.2538 2.198322
HE,ILJRFE @ 4 6§ 3.675732 2.396723
H,E,ILJRP7 © S B 3.70243 2.385411
HE,ILJRPE 0 S5 7 S.008705 2.231305
H,E,LILJRPI @ 6 8 5.5843102 2.821648
HE,I,JRP IO 0 6 9 §.0007S6 2.011532
HE,ILJRP 11 @ 7 0 £.5 2
MELILJRP 12 @ 7 2 §.387422 2.1743272
HE,ILJR,P I3 € & 3 7.452748 2.164368
H.E,ILJRP 14 0 8 4 8.123553 2.GES3SE
HE,ILJRPFPIS 2 9 5 §.459821 2.108678
HE,IJRPIE @ S & §.53581 2.258195
HELLJRP 17T 0 9 7 8.637731 2.40555]
HE,1,JRF I8 ¢ ¢ &€ £.805728 2.538233
H,E,I,JLRP 13 @ 5 g 8.913634 2.707768
HE,ILJRF 23 ¢ 12 0 9.020001 2.853728
HEILJRP 21 @ 11 2 3.423331 3.074239
H,E,ILJLR,P 22 @ 12 3 9.5433989 3.222997
H.E,ILJRF 23 @ 12 4 9.657842 3.371112
HME,I.JRP 24 .5 13 § g.78% 3.413574
HE,ILJLRP 25 0 14 & 9.913374 3.252772
HE,ILJRP 27 @ 14 3 9.996132 3.01804
H.E,ILJLR,P 25 @ 14 2 10.95446 2.78712
HELILJRP 25 @ 14 10.12546 2.559523
HE,ILJLRF 23 @ 15 10 10.18 2.334847
HE,I.JRP 32 @ 15 9 10.22922 2.1125869
H.E,ILJLRP 3! @ 15 8 10.28039 1.889144
HE,ILJRP 30 0 15 7 18.33225 1.6E6595
H.E,ILJLRP 34 @ 16 6 10.42388 1.42449
HE,ILJLRP 33 @ 16 S 10.62143 1.1351
H.E,IJRP 35 .5 17 5 10.80S .9520%353
HE,I.JRP 35 .5 jg2 5 11.215 .765296
HE,I,LJ,RP 37 @ 13 5 11.7088 6408136
HE,ILJRP 338 @ 19 § 12.465859 .4937554
M,E,I,J,R,P 33 .5 20 7 13.05 3273974
HE,ILJRP 40 @ 21 7 13.61929 1674431
H.E.ILJRP 41 @ 21 8 14.16355 118928
HEI,LJRP 42 @ 21 9 14.7233 §.333351E-02
HE,ILJR.P 43 @ 21 10 15 )
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VI. APPENDIX

Interpolation of the non-uniformly-spaced shifted fringes is
accomplished by dividing the axial space between the two fringes
which bound the cut, within an interval, into ten non-uniform
spaces by introducing decimal "fringelets". The lower bounding
fringe is taken as the J=f fringelet and the upper bounding
fringe is taken as the J=1f fringelet. Refer to Fig. 2. Let
pDi(1), D2(I), and D3(I) denote, respectively, the axial fringe-
pair spacing at the (left) interval boundary of the lower,
central (bounding the cut), and upper fringe pairs. It is
necessary to determine the distance D(I,J), for J=1 to 14,
between the J-1 and J fringelets. First require that the sum of

the fringelet spacings be the central fringe-pair spacing.

18
ZD(I,J)=02(1) Al
J=1

Information about the non-uniform adjacent fringe-pair spacings
is included by requiring that the lower fringelet spacing D(I,1l)

be one-tenth of the average fringe-pair spacing for the lower and

23




central fringe-pairs and that the upper fringelet spacing D(I,14)

be one-tenth of the average fringe-pair spacing for the upper and

central fringe pairs.

D(I,1)=(D1(I)+D2(I))/28 A2

D(I,18)=(D2(I)+D3(1))/28 A3

In order to meet these three requirements, D(I,J) must be at

least quadratic in J. It is assumed that

D(I,J)=A(I)+B(I)(J-1)+C(I)(J-1)2. A4

The coefficients A, B, and C are determined by using Eg. (A4) in
Egqs. (Al-A3). It is immediately seen that A(I) is D(I,1l) and is
thus given by Eq. (A2). The other coefficients are evaluated,

after a little algebra, as

B(I)=(~19*G(I)+9*H(I))/8 AS
C(I)=(3*G(I)-H(1))/8 A6
24




e sl

~ vy g

where G(I) and H(I) are defined by
G(I)=(D3(I)-D1(1))/18¢ A7
H(I)=(D2(I)~D1(1))/34 - A8
In calculating the intersections of the fringelets with the

cut, it is necessary to know the distance X(I,J) between the

lower bounding fringe and the J fringelet. This distance is the

sum from J'=1 to J of D(I,J’). Evaluation of the sum shows that
X(I,J3)=3*(A(I)+(J-1)*V(I,J)/2) A9
where, V(I,J)=B(I)+(2J-1)*C(I1I)/3 - Al0

25
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